The potential contribution of abnormal marrow stromal function to ineffective haemopoiesis in the myelodysplastic syndromes is unclear. We have compared the ability of stromal layers from normal (n = 7) and myelodysplastic (n = 9) marrow to alter proliferation and survival of the granulocyte-macrophage colony-stimulating factor/interleukin-3-dependent cell line F-36P. Co-cultures for 72 h in the absence of exogenous cytokines were either in direct contact with stroma or separated by transwell inserts. On normal stromal layers, the ratio of adherent F-36P cells relative to stromal cells increased from a mean of 0.2 ± 0.01 (s.d.) at 4 h of co-culture to 0.34 ± 0.08 after 72 h (n = 7). Corresponding values on myelodysplastic stroma (0.2 ± 0.02 at 4 h and 0.35 ± 0.05 at 72 h; n = 9) indicated that the ability of myelodysplastic stromal layers to regulate shortterm proliferation of F-36P cells may be similar to normal. Apoptosis of F-36P cells was quantified after co-culture with normal or myelodysplastic stroma: results from myelodysplastic co-cultures were standardized as a fraction of values from co-cultures with paired normal stroma (apoptotic ratio). Augmented apoptosis of F-36P cells was detected in 8/9 co-cultures with myelodysplastic stroma (mean = 15.7 ± 9.7%, n = 9), compared with corresponding normal stroma (mean = 12.4 ± 4.6%, n = 7, P Ͻ 0.05) with a mean apoptotic ratio of 1.4 ± 0.5 (P Ͻ 0.05). There was no correlation between stroma-related apoptosis and FAB type, tumour necrosis factor-␣ concentrations in the culture supernatant or numbers of stromal macrophages, and no evidence of involvement of the Fas pathway. Increased apoptosis was detected in cells grown in transwell inserts over stroma (23.8 ± 3%, n = 5) compared to adherent cells in cultures with normal stromal layers, but this survival difference was not observed in co-cultures with myelodysplastic stroma. These results suggest that abnormal stromal function in patients with myelodysplastic syndromes may contribute to increased apoptosis of haemopoietic cells within the marrow microenvironment. The effect appears to be dependent on close cellular contact, rather than the release of soluble factors, but the exact mechanism remains unclear. Leukemia (2002) 16, 785-790.
Introduction
A high level of intramedullary apoptosis of haemopoietic cells is thought to contribute to ineffective haemopoiesis in the myelodysplastic syndromes (MDS), 1 but the mechanisms promoting cell death are not clear. While intrinsic cellular defects may enhance susceptibility to apoptosis, 2 alterations in cell localisation and survival in the marrow may be influenced by imbalances in cytokine levels within the microenvironment. 3, 4 Early studies examining the stromal microenvironment in MDS were unable to identify stromal anomalies co-existing with stem cell abnormalities. 5 More recently, cultures of umbilical cord haemopoietic progenitors and normal marrow CD34
+ cells on MDS-derived stroma have highlighted the inability of MDS stroma to support haemopoiesis, compared with normal stromal layers. 6, 7 Since these experiments were performed by modifying human Dexter cultures, it is difficult to establish whether decreased haemopoiesis on MDS stromal layers was due to absence of stromal signals that support proliferation and survival of haemopoietic progenitors, or secondary to an excess of stromal factors that increases apoptosis of these cells, despite the presence of normal proliferative stimuli.
In the current study, the ability of MDS stroma to support proliferation and survival of haemopoietic cells was studied. Cells of the granulocyte-macrophage colony-stimulating factor/interleukin-3 (GM-CSF/IL-3)-dependent MDS cell line F-36P 8 were used as a model for haemopoietic progenitor cells and cultured with MDS and normal stromal layers, in the absence of exogenous cytokines. The marrow microenvironment in vitro is known to contain both of these growth factors. 9, 10 Changes in number and viability of F-36P cells cultured on stroma in the absence of exogenous GM-CSF/IL-3, may therefore be indicative of the ability of stroma to induce proliferation or apoptosis.
Materials and methods

Patients
Bone marrow samples were obtained after informed consent from seven normal individuals (median age, 70 years) undergoing elective total hip replacement, and from nine MDS patients (3 RA, 1 RARS, 4 RAEB and 1 CMML; median age, 79 years). The study was approved by the Tayside Committee on Medical Research Ethics. Mononuclear cells (MNC) were isolated and cryopreserved until use.
Stromal cultures
Primary stromal layers were established in human long-term bone marrow culture (HLTBMC) medium (12.5% fetal calf serum, 12.5% horse serum, 4 mM L-glutamine, penicillin 100 U/ml, streptomycin 100 g/ml, 2 × 10 −8 M hydrocortisone) in 50 ml flasks (Falcon, UK) from 5 × 10 6 cryopreserved normal or MDS marrow MNC using the technique described by Moreau et al. 11 A bi-weekly feeding schedule of cultures was followed and entire growth medium was replaced. Primary layers were trypsinised (0.25% trypsin, Sigma, Poole, UK) once confluent (14-20 days for normal stroma), or if no developmental changes were evident after 7 days of culture, and secondary cultures were established in 132 × 88 mm multidishes (Gibco, UK). Co-culture studies were performed on secondary stromal layers. MDS stromal layers were studied in parallel with at least one randomly selected normal stromal culture, and this enabled standardization of results from MDS cultures as a ratio to the values obtained from cultures with corresponding normal stroma.
Preparation of normal and MDS stromal layers Stromal morphology:
Stromal layers were examined biweekly under a phase-contrast microscope to identify possible structural differences between MDS and control stroma in the inability to attain confluence and to produce adipocytes. Confluence of stroma was classified as being of grade I (Ͼ80% of growth surface-area covered), grade II (patchy confluence) and grade III (non-confluent). Stromal ability to produce fat cells was characterized by the absence (−) or presence of foci of adipocytes. Poorly adipogenic stroma contained Ͻ3 foci (+); у3 foci of adipocytes were detected in adipogenic stroma (++).
Proportion of monocytes/macrophages in stromal layers:
Cytospin preparations of trypsinized stromal cells from secondary cultures were stained for combined esterase, and a total of five high power (40 ×) fields or 200 cells (whichever was greater) were counted. Monocytes/macrophages were identified as cells with dark red-brown granules and numbers within stromal layers were expressed as a percentage of the total cells counted.
F-36P cells
The F-36P cell line was purchased from Riken Gene Bank, Japan and cultured in 50 ml tissue culture flasks (Falcon) in 10% fetal calf serum (FCS) (Harlan-Seralab, UK), penicillin 100 U/ml (Sigma), streptomycin 100 g/ml (Sigma) and L-glutamine 4 mM (Sigma) in Iscove's modified Dulbecco's medium (IMDM) (Sigma) (IMDM/10% FCS), and 10 ng/ml of recombinant human GM-CSF (Schering-Plough, UK). For use in coculture studies, a population of live F-36P cells was isolated by centrifuging cells on a discontinuous Percoll gradient. 12 Greater than 95% of cells thus isolated excluded 7-aminoactinomycin D (7-AAD) on FACScan analysis and were viable. 13 
Functional properties of normal and MDS stromal layers
Co-cultures of F-36P cells with normal and MDS stroma: Spent HLTBMC medium was removed from secondary stromal cultures and the adherent layers were washed three times with IMDM. 1 × 10 5 viable F-36P cells were cultured in triplicate on normal or MDS stromal layers in IMDM/10% FCS. Two cultures were analysed at 4 and 72 h, respectively, for changes in numbers of F-36P cells; the third culture was used to study survival of these haemopoietic cells after 72 h in coculture. Initial studies on survival of F-36P cells in the absence of GM-CSF/IL-3 had indicated that maximal numbers of apoptotic cells were detected at 72 h (data not shown). Positive and negative controls consisted of F-36P cells cultured in the presence or absence of GM-CSF, respectively. The supernatant from all cultures was removed at 72 h, centrifuged at 470 g for 5 min and filtered through a 0.45 m millipore filter (Sartorius, UK). Cell-free conditioned medium (CM) thus obtained was stored at −70°C for measurements of soluble tumour necrosis factor (TNF-␣).
Stromal ability to support proliferation of adherent F-36P cells:
Changes in numbers of F-36P cells in co-cultures, indicative of stromal ability to support proliferation, were measured by trypsinizing normal and MDS adherent layers at 4 or 72 h of co-culture. Cytospin preparations obtained from trypsinized cells were stained with modified Wright's stain. Previous studies on stroma (data not shown) had indicated that numbers of stromal cells were unchanged after 72 h, either as a result of having achieved confluence, or due to defective development (MDS stromal cultures). Numbers of F-36P cells (identified by their blast-like appearance) after co-culture with stroma were therefore measured relative to stromal cells (fibroblasts/macrophages) by counting at least five random fields at high power (h.p.) or a total of 200 cells (whichever was greater). Thus, values of adherent F-36P cells (F) at time (t) were obtained:
The ability of stromal layers to support proliferation of F-36P cells was assessed by the difference in F t values at 4 and 72 h of co-culture (F t72 − F t4 ) using the paired t-test. Changes in F-36P cell numbers on MDS stromal layers (F t72MDS − F t4MDS ) were expressed as a ratio to those changes obtained with parallel co-cultures on normal stromal layers (F t72normal − F t4normal ) to compare differences in stromal regulation of F-36P cell proliferation.
Stromal ability to support survival of adherent F-36P cells:
Cell suspensions obtained by trypsinization at 72 h were stained with 20 g/ml 7-AAD. 13 The proportion of F-36P cells that was apoptotic (intermediate and high 7-AAD fluorescence) was determined on a FACScan (using Lysis II software). F-3P cells were distinguished from stromal cells by virtue of smaller forward (FSC) and side (SSC) light scatter properties of the haemopoietic cells. Results from MDS cocultures were standardized as a ratio to these values obtained from co-cultures with corresponding normal stroma (apoptotic ratio).
Stromal ability to support proliferation and survival of haemopoietic cells in non-contact co-cultures:
To assess possible differences in diffusible factors between normal and MDS stromal co-cultures, 1 × 10 5 F-36P cells were grown in 25 mm transwell inserts (membrane porosity of 0.2 m) (Life Technologies, UK) at a distance of 1 mm from normal or MDS stroma. After 72 h, cells within inserts were counted, and the proportion of apoptotic cells analysed after staining with 7-AAD.
Stromal mechanisms regulating F-36P cell survival TNF-␣ concentration in supernatant of co-cultures:
TNF-␣ concentration in CM from MDS and normal cultures was measured using an enzyme linked immunosorbent assay (ELISA) kit (sensitivity Ͻ0.18 pg/ml; R&D Systems, UK), according to the manufacturer's instructions.
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Expression of Fas/Apo-1 (CD95) by F-36P cells in stromal cocultures:
To examine whether stroma-induced apoptosis might involve the Fas pathway, 5 × 10 5 cells recovered from adherent layers of stromal co-cultures after 72 h were stained with FITC conjugated anti-Fas antibody (Immunotech, UK). The proportion of F-36P cells expressing Fas was quantitated by flow cytometry.
Statistical analysis
The central tendency of data was measured by the arithmetic mean, and the dispersion of values around the mean was expressed as the standard deviation (s.d.), ie mean ± s.d. The significance of changes in F36P cell numbers on normal or MDS stromal layers (F t72 − F t4 ) was measured using Student's paired t-test. The non-parametric Wilcoxon's test was used to assess the significance of differences in the ability of normal and MDS stromal layers to regulate proliferation or apoptosis of F-36P cells in co-cultures. Values of P Ͻ 0.05 were considered significant.
Results
Phenotypic characteristics of normal and MDS stromal layers
Morphology:
All stromal layers established from normal marrow attained grade I confluence and multiple foci of adipocytes (++) were detectable. The structural development of MDS stroma was, however, less uniform (Table 1) : 2/9 layers attained grade II confluence; 5/9 layers were poorly adipogenic.
Proportion of monocytes and macrophages in stromal layers:
The percentage of monocytes/macrophages (␣-naphthyl acetate esterase positive cells) within normal stromal layers (4.0 ± 2.7, range = 0.3-6.7%, n = 4) was not significantly different from that in MDS stroma (7.2 ± 7%, range = 1.0-19.5, n = 7). 
Criteria to evaluate stromal confluence and ability to produce adipocytes are described in the Methods. The symbols may be used to identify individual patients in subsequent figures and tables.
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Figure 1
Proportion of apoptotic F-36P cells within cultures in contact with stroma, compared with values in corresponding noncontact cultures. The percentage of apoptotic cells cultured in transwell inserts over normal stroma (Nor tw ) was significantly higher than in contact cultures (Nor contact ) (P = 0.004, n = 5). The proportion of apoptotic F-36P cells in non-contact cultures with MDS stroma (MDS tw ) was lower in two out of the three MDS stromal co-cultures that showed high levels of apoptosis in contact cultures (MDS contact ). The symbols can be used to identify individual subjects from whom normal (̅) and MDS (represented by unique symbol) marrow stromal layers were established.
Functional properties Stromal ability to support adherent F-36P cell proliferation:
When co-cultures of F-36P cells with stroma were examined by phase-contrast microscopy after 4 h, F-36P cells were seen in contact with stromal layers, and few cells were detected in the culture supernatant. After 72 h, numerous foci of F-36P cells were visible on both normal and MDS stromal layers. Stromal ability to induce proliferation was compared by measuring the ratio of F-36P cells to stromal cells at 4 and 72 h of culture. The ratio for F-36P cells cultured on normal stroma increased from 0.20 ± 0.01 at 4 h to 0.34 ± 0.08 at 72 h of co-culture (P = 0.0013); corresponding values on MDS stroma were 0.20 ± 0.02 at 4 h and 0.35 ± 0.05 at 72 h (P = 0.0001). When values for the increase of haemopoietic cells in contact with MDS stroma were standardized as a ratio to these obtained with simultaneous normal stromal cultures, the mean ratio (1.1 ± 0.54) indicated no difference between MDS and normal stroma (P = 0.48).
Stromal ability to support adherent F-36P cell survival:
As shown in Table 2 , a greater proportion of apoptotic F-36P One normal stromal co-culture was always established in parallel with MDS co-cultures, to standardize culture conditions. Ability of MDS stroma to regulate F-36 cells survival was expressed as the apoptotic ratio (ratio of percentage apoptotic F-36P cells in contact with MDS stroma, to that on corresponding normal stroma).
cells was detected in 8/9 co-cultures with MDS stroma (mean = 15.7 ± 9.7%, n = 9), than with corresponding normal stroma (mean = 12.4 ± 4.6%, n = 7). Nevertheless, the mean percentage apoptosis in both normal and MDS stromal co-cultures was greater than in control cultures containing GM-CSF (3.4 ± 0.7, n = 7; P = 0.002 and 0.006, respectively). The percentage of apoptotic cells on MDS stroma was greater than that on normal stroma after standardization as an apoptotic ratio (P Ͻ 0.05). Stroma from three MDS patients (one RA and two RAEB) induced higher levels of apoptosis in F-36P cells compared to other cultures (Figures 1 and 2 ), but there was no correlation between FAB sub-type and stromal ability to induce apoptosis within this small series.
Stromal ability to support proliferation and survival of F-36P cells in non-contact cultures:
Numbers of cells cultured in transwell inserts over normal or MDS stromal layers (1 × 10 5 ) were unchanged after 72 h of culture. There was increased apoptosis in non-contact normal stromal co-cultures (mean percentage of apoptosis = 23.8 ± 3.2, n = 5), compared to contact cultures (mean percentage of apoptosis = 12.5 ± 5, n = 5) (P = 0.004). The proportion of apoptotic cells in transwells was, however, lower than the mean percentage of apoptosis seen in negative controls, ie cells cultured in the absence of GM-CSF and pre-formed stroma (39.4 ± 1.6%) (P Ͻ 0.001). By contrast, in two out of nine MDS co-cultures, there was reduced apoptosis in cells grown in transwells (Figure 1) , and the mean percentage of apoptosis in non-contact cultures (26.3 ± 4.7%) was not significantly different compared with that in cultures permitting contact with stroma (15.7 ± 9.7%; P = 0.11).
Nevertheless, the mean percentage apoptosis in F-36P cells cultured in transwells over MDS stroma was lower than that of the negative controls (P = 0.0002).
Structural development and stromal function:
No correlation was observed either between the degree of confluence of stroma, or presence of adipocyte foci within stroma and ability of secondary stromal layers to induce apoptosis in F-36P cells, suggesting that in vitro mechanisms that regulate structural development of stroma may not be relevant to those that determine stromal function. Although stromal layers from three MDS patients that induced high levels of apoptosis of F-36P cells (Figure 1 ) had a greater proportion of monocytes/ macrophages, there was no clear relationship between the percentage of macrophages and apoptotic ratio of stroma in the MDS cohort as a whole (Figure 3) .
Stromal mechanisms regulating F-36P cell survival TNF-␣ levels in supernatant of co-cultures:
TNF-␣ was not detected in the supernatant of MDS co-cultures (n = 5); normal stromal co-cultures had variable amounts of TNF-␣ (mean = 1.7 pg/ml, range 0-4, n = 5).
Fas expression by F-36P cells in co-cultures:
A mean of only 0.6 ± 0.6% of total numbers of F-36P cells in contact with normal stromal layers (n = 3) expressed Fas, but the corresponding values from MDS co-cultures were not significantly different (0.9 ± 0.5%, n = 4).
Discussion
In this study, co-cultures of the non-adherent cell-line F-36P with stroma were used to develop an experimental model to study stromal function in normal individuals and patients with MDS. When co-cultures were analysed after 4 h, none of the F-36P cells used to initiate co-cultures was detected in the supernatant of cultures, but they had adhered to both normal and MDS stromal layers. An insignificant number of nonadherent F-36P cells was detected at 72 h, and these were trypan-blue positive (non-viable). An increase in the number of F-36P cells to stromal cell numbers (which do not change once confluence is attained) at 72 h is therefore, in all likelihood, the result of an increase in adherent F-36P cell numbers due to proliferation, rather than migration of cells between the adherent and non-adherent compartments. In contact cultures of F-36P cells with stroma, the mean increase of F-36P cells (relative to stromal cells) in normal and MDS co-cultures was similar, suggesting that mechanisms inducing proliferation of Proportion of monocytes/macrophages in stroma and stromal function (mean percentage apoptotic F-36P cells in contact with corresponding stromal layers): there is no clear relationship between percentages of monocytes in normal stroma and regulation of F-36P cell survival by corresponding normal layers (̅), but MDS stromal co-cultures (represented by unique symbol) with increased apoptotic F-36P cells appear to have elevated numbers of monocytes/macrophages (a). However, this association was no longer evident after MDS stromal function was standardized (b).
these cells in vitro (via cytokines or matrix molecules), may not be affected in MDS, or that any deficiencies in signalling mechanisms are well compensated. When F-36P cells were cultured in transwell inserts over normal and MDS stroma, there was no change in cell numbers, indicating that contact with stroma is essential for cellular proliferation.
Studies on survival of F-36P cells in contact with stromal layers indicated that the mean percentage of apoptotic F-36P cells in contact with both normal and MDS stroma was lower than in negative controls established in the absence of GM-CSF/IL-3. However, when data from normal and MDS stroma were compared, the positive apoptotic ratio (Table 2) indicated a higher proportion of apoptotic haemopoietic cells after culture in contact with MDS stroma. Since the mean increase of F-36P cell numbers relative to normal or MDS stroma was similar, the high levels of apoptosis in MDS cultures were apparently not associated with decreased proliferation. In the light of these findings, the increase in apoptosis (despite proliferation) of F-36P cells on MDS stromal co-cultures observed in our experiments, as well as the decreased haemopoietic activity observed in modified Dexter cultures by other groups, 6 ,7 may result from stromal mechanisms that induce apoptosis. One could argue that the increase in apoptosis in MDS stromal co-cultures may be due to an inability to maintain adequate levels of GM-CSF/IL-3 within the microenvironment; however, the presence of actively Leukemia dividing F-36P cells at 72 h in cytospin preparations of trypsinized adherent layers suggests that stromal mechanisms promoting proliferation of haemopoietic cells are effective at 72 h.
The proportion of apoptotic F-36P cells in non-contact cocultures with normal stroma was significantly higher than in corresponding contact cultures, but lower than in negative controls. Likewise, the mean percentage of apoptotic F-36P cells in non-contact cultures with MDS stroma was also lower than negative controls. However, when F-36P survival in contact and non-contact cultures was compared, no significant differences were observed. This is likely to be related to the variable survival response of F-36P cells observed in co-cultures with MDS stroma: while the percentage apoptosis in 6/9 cultures increased under non-contact conditions, in 2/3 contact co-cultures with high apoptosis, a decrease in numbers of apoptotic F-36P cells in transwells was observed. It is possible that stromal mechanisms in a subset of MDS patients may induce apoptosis of F-36P cells by direct physical interactions; further experiments using MDS stromal layers that decrease adherent F-36P cell survival (by re-culturing stroma from cryopreserved MNC) are required to identify these mechanisms. In keeping with our observations, recent studies on the MDS stromal cell line LS801 have demonstrated a survival advantage when normal marrow CD34
+ cells are physically separated from adherent stromal layers using Millipore membranes. 14 Despite the increase in numbers of F-36P cells on stroma, the proportion of apoptotic cells in contact with normal and MDS stroma was higher than in stroma-free cultures of F-36P cells containing GM-CSF. This suggests that negative regulators of F-36P cell survival may also be present within the stroma, along with factors that stimulate proliferation of these haemopoietic cells.
Mechanisms involving stromal monocytes/macrophages may promote apoptosis of F-36P cells 15, 16 but, despite large numbers of ␣-naphthyl esterasepositive cells in some MDS co-cultures, stromal function did not appear to be significantly impaired. Furthermore, TNF-␣, an important mediator of apoptosis by monocytes/ macrophages 16 was not detected in the supernatant of MDS stromal co-cultures. Further studies could help to determine whether lack of free TNF-␣ in MDS stromal supernatants may be related to increased sequestration of this cytokine within the extracellular matrix, or due to increased autocrine utilization by either MDS stroma, or F-36P cells cultured within an MDS microenvironment (paracrine consumption).
The current studies suggest that stromal ability to support proliferation of haemopoietic progenitor cells within the marrow microenvironment may be unaffected in MDS; however, stromal regulation of apoptosis of these cells is abnormal. Further studies are needed to identify specific molecules that facilitate cellular adhesion and induce cell death.
